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SUMMABY 


A  three  year  research  program  was  carried  out  in  the  area  of  novel  energetic  high 
energy  density  materials  (HEDM).  The  program  was  highly  productive  and  numerous  new 
materials  were  generated  and  characterized.  For  example,  the  discovery  of  a  process  for 

preparing  truly  anhydrous  N(CH3)4F  provided  a  source  of  free  highly  soluble  fluoride 
ions  which  could  be  used  for  the  syntheses  of  a  host  of  novel  oxidizer  anions  at  the  limits 
of  coordination  and  oxidation.  Thus,  XcFs',  the  first  example  of  a  pentacoordinate  species 
in  which  all  five  ligands  and  the  central  atom  are  arranged  in  the  same  plane,  was  prepared 
and  characterized.  Other  novel  anions  prepared  from  N(CH3)4F  include  lOFg”,  TeOF^^”, 
PF4”,  and  ClFfi".  The  combination  of  an  organic  cation,  such  as  N(CH3)4'*‘,  with  a 

powerful  incendiary,  such  as  C1F4'‘,  in  CH3CN  solution  to  form  a  salt ,  N(CH3)4‘*’C1F4'’, 
which  is  stable  up  to  100®C  and  not  shock  sensitive,  is  unprecedented.  The  resistance  of 
N(CH3)4'*'  toward  oxidative  fluorination  has  allowed  the  preparation  and  characterization 

of  many  new  N(CH3)4‘‘'  salts  containing  fluoro  anions  at  the  limits  of  coordination  and 
oxidation.  This  has  led  to  a  worldwide  renaissance  in  high  coordination  number  chemistry. 
Of  particular  interest  in  this  respect  were  heptacoordinate  species  due  to  their  nonrigid 
pentagonal  bipyramidal  structures  which  allow  for  a  rapid  dynamic  distortion  of  the 
equatorial  plane.  Our  studies  have  led  to  an  understanding  of  the  nature  and  bonding  of 

heptacoordinated  species  such  as  IF7,  XeFy'*’,  TeF7",  lOFg”  and  TeOFg^". 

In  nitrogen  chemistry,  we  have  demonstrated  by  metathetical  reactions  between 
NF4'*'  and  F”  in  CHF3  solution  at  -142®C  that  NF4*F“,  which  is  the  ionic  form  of  NF5,  is 
unstable  toward  decomposition  to  NF3  and  F2  even  at  -142®C.  The  crystal  structure  of 

N2F’’AsF5"  was  studied  and  it  was  shown  that  N2F^  possesses  the  shonest  N-F  bond  of 
any  known  nitrogen  fluoride  compound.  LDF  calculations  were  used  to  identify  a 
previously  reported  novel  nitrogenoxyfluoride  as  cw-FONO. 

In  azide  chemistry,  we  have  isolated  and  characterized  stable  H2N3''’  salts  by 

protonation  of  HN3  in  anhydrous  HF.  It  was  shown  that  the  structure  of  H2N3'*’  is 
analogous  to  that  of  cyanamid,  i.e.  it  is  unsymmetrical  with  both  protons  attached  to  the 
same  nitrogen.  Also,  a  new  synthesis  of  N(CH3)4N3  was  discovered  and  its  structure 
was  determined.  A  new  class  of  polynitrogen  compounds  derived  from  azidamines  was 
shown  by  theoretical  calculations  to  be  vibrationally  stable. 


In  high  oxidation  state  chemistry,  a  new  Os  (+VIII)  compound,  OSO2F4,  was 
prepared  and  characterized.  A  systematic  study  on  oxygen-fluoride  exchange  reactions  was 
completed,  and  the  results  were  summarized  in  a  review.  It  is  shown  that  NO3"  and 
S04^“  are  effective,  low  cost,  nontoxic  reagents  for  a  controlled,  stepwise  fluorine-oxygen 
exchange. 
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The  first  quantitative  scale  for  the  strength  of  oxidizers  was  developed  and  will  be 


extremely  useful  for  the  future  synthesis  of  yet  unknown  super  oxidizers. 
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Novel  compounds  prepared  and  characterized  under  this  contract  include  the  SF4" 
and  SF40“  radical  anions,  and  Bps’*"  salts,  PF4”  salts  and  their  hydrolysis  products. 
The  structure  of  IOF5  was  also  reanalyzed  and  it  is  shown  that  there  is  no  evidence  for  the 
existence  of  previously  postulated  secondary  relaxation  effects. 
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IWIRQIIUCTm 


This  is  the  final  repot  of  a  research  program  carried  out  at  Rocketdyne  between  20 
July  1990  and  1  August  1993.  The  responsible  scientist  and  principal  investigator  was  Dr. 
Karl  Christe,  assisted  by  Dr.  William  Wilson.  The  program  was  administered  by  Drs. 
Steve  Hurlock  and  Joseph  Flanagan.  The  purpose  of  this  program  was  to  explore  the 
synthesis  and  properties  of  novel  high  energy  density  materials  (HEDM).  Although  the 
program  was  directed  toward  basic  research,  potential  applications  of  the  results  were 
continuously  considered. 

Only  completed  items  of  research,  which  have  been  summarized  in  manuscript 
form,  are  included  in  this  report.  A  total  of  17  technical  papers  were  published,  5  papers 
are  in  press,  and  5  more  are  in  the  final  stages  of  manuscript  preparation.  In  addition, 
chapters  were  contributed  to  three  books,  three  patents  were  filed  or  issued,  10  papers  were 
presented  at  international  and  national  conferences,  and  an  invited  lecture  series  was  given 
in  Berlin,  Germany.  The  technical  papers  are  given  as  Appendices  A  through  DD.  Effects 
in  several  other  areas,  including  hotwire  reactions  and  the  syntheses  of  CIF5O  and 
nitramines,  arc  not  complete  and  will  be  continued  in  a  follow  on  program. 
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Since  a  vast  amount  of  new  data  was  generated  under  this  program,  only  some  of 
the  ma^'or  achievements  will  be  highlighted  in  this  section.  For  more  detail,  the  interested 
reader  Is  referred  to  the  Appendicc*.. 

NEW  ANIONS  AT  THE  LIMITS  OF  OXIDATION  AND  COORDINATION 

The  synthesis  of  truly  anhydrous  tetramethylammonium  fluoride  was  achieved  for 
the  first  time  (Appendix  P),  and  it  was  demonstrated  that  the  tetramethylammonium  cation 
is  kinetically  stable  toward  very  strong  oxidizers  fRef.  1].  This  discovery  provided  a 
source  of  highly  soluble  "naked"  fluoride  ions  in  the  presence  of  a  large,  stable  cation  and 
allowed  the  syntheses  of  many  new  complex  fluorc  anions  at  the  limits  of  oxidation  and 

coordination  [Ref.  2).  Since  generally  these  salts  are  soluble  in  solvents  such  as  CH3CN, 
single  ciystals  can  be  readily  grown  for  structure  determinations  by  X>ray  diffraction.  This 
has  resulted  in  a  general,  worldwide  renaissance  of  high  coordination  number  chemistry, 
and  exciting  work  is  carried  out  in  this  area  by  numerous  research  groups.  Since  the 
fluoride  anion  is  also  an  extremely  powerful  catalyst  in  reactions  such  as  the  ^lymerization 

of  fluoroolefins,  the  N(CH3)4F  has  many  other  potential  applications  [Ref.  2].  Thus,  we 
have  succeeded  to  combine  for  the  first  time  an  organic  cation,  i.e.  N(CH3)4‘*‘,  with  a 

chlorine  fluoride  anion,  i.e.  C1F4“.  The  resulting  salt,  N(CH3)4‘‘‘C1F4'"  is  stable  up  to 
lOO^C  and  is  not  shocksensidve  [Ref.  1].  This  reaction  chemistry  was  extended  toward  the 
synthesis  of  the  previously  unknown  ClFg"  anion  (Appendix  Q).  Although  the  isolation  of 
a  stable  ClFg'*  salt  was  not  possible  due  to  consistent  explosions,  the  existence  and 
octahedral  structure  of  the  ClFg"  anion  has  now  been  established  by  low-temperature 
Raman  and  NMR  spectroscopy.  The  synthesis  of  ClFg“  had  been  successfully  pursued  for 
more  than  30  years. 

Using  our  N(CH3)4F  technology,  we  have  achieved  the  first  syntheses  of  other 
novel  aniens,  such  as  Xel^"  (Appendix  (2),  lOFg"  (Appendix  A),  TeOFg^"  (Appendix  S), 
PF4"  (Appendix  Y)  and  the  characterization  of  known  ions  such  as  TcFy"  (Appendix  U), 
BrFg”  [Ref.  3],  DFj"  [Ref.  3],  DFe"  (Appendix  M),  and  XeOFs”  (Appendix  BB),  and 
XeFg^".  The  XcFg”  anion  is  of  special  significance  because  it  is  the  first  known  example 
of  a  pentagonal  planar  AX5  species  (Appendix  Q).  The  lOFg’  (Appendix  A)  and  TeOFg^" 

(Appendix  S)  anions  are  the  first  known  examples  of  pentagonal  bipyramidal  AX5YZ 
species. 

PROBLEMS  ASSOCIATED  WITH  COORDINATION  NUMBER  7. 

In  connection  with  the  XeFs',  lOFg',  and  TeF7-  anions,  we  have  successfully 
solved  the  problems  associated  with  fivefold  symmetry  and  heptacoordination.  The 
intriguing  II^  molecule  was  thoroughly  analyzed  and  the  long  standing  problems  and 
questions  concerning  its  structure,  fluxionality,  bonding  and  vibrational  spectra  were 
resolved  (Appendix  C). 
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DEVELOPMENT  OF  A  QUANTITATIVE  OXIDIZER  STRENGTH  SCALE 


Although  a  major  effon  of  oxidizer  chemistry  is  the  development  of  new  oxidizers 
of  increased  oxidizer  strength,  no  quantitative  methods  existed  until  now  to  either  define, 
measure  or  compute  the  strength  of  an  oxidizer.  The  only  data  available  were  some  isolated 
observations  that  some  oxidizers  were  capable  to  fluorinate  a  given  substrate  while  others 
were  not.  However,  even  these  qualitative  data  were  inconsistent  because  it  was 
impossible  to  disdn^sh  whether  the  failure  of  an  attempted  oxidative  fluorination  was  due 
to  an  insufficient  oudizer  strength  of  poorly  chosen  reacdon  conditions  or  excessively  high 
aedvadon  energy  barriers. 

These  problems  were  now  overcome  by  the  development  of  a  quantitative  oxidizer 
strength  scale  (Appendix  J).  It  was  shown  from  Bom-Haber  cycles  that  the  oxidizer 
strength  of  an  oxidative  fluorinator  is  exclusively  a  function  of  the  F*"  detachment  energies. 

Since  the  required  F*  detachment  energy  values  arc  not  directly  available  and  are  very 
difficult  to  compute,  we  have  in  collaboration  with  Dr.  Dixon  from  DuPont  determined 
differences  in  F*  detachment  energies  between  given  oxidizers  by  total  energy 
computations  using  local  density  functional  calculations.  The  resulting  relative  oxidizer 
strength  scale  was  then  converted  to  an  absolute  scale  by  defining  a  zero  point  for  the  scale 
and  by  anchoring  the  scale  to  the  zero  point  by  an  experimental  number.  We  have  chosen 

F*  as  the  zero  point  and  an  experimentally  known  KrF*’  value  as  the  anchor  point.  The 
validity  of  the  resulting  quantitative  scale  was  tested  for  XeF*  and  ArF*  and  gave  excellent 
agreement  with  experimental  values. 

In  this  manner,  the  oxidizing  strengths  of  27  oxidizers  were  computed  and 
summarized  in  Table  1  of  Appendix  J.  The  oxidizer  strength  table  was  also  used  to 
calculate  the  heats  of  formation  of  these  oxidizers,  thus  providing  yet  another  set  of 
valuable  information. 

The  development  of  a  quantitative  oxidizer  strength  scale  is  a  significant 
advancement  in  oxidizer  chemisoy  and  will  be  invaluable  for  future  experimental  and 

theoretical  work.  The  F*"  detachment  energies  (or  their  negative  values  which  are  the  F^ 
affinities)  are  the  equivalents  to  the  proton  affinities  in  organic  chemistry. 


NITROGEN  FLUORIDE  CHEMISTRY 

Nitrogen  fluorides  are  the  most  promising  candidates  for  energetic  halogen  oxidizers.  They 
offer  the  best  compromise  between  a  high  energy  content  and  chemical  and  thermal 
stability.  During  the  current  program,  significant  progress  was  made  in  the  areas  of  NF4'*’ 
and  NF5  chemistry,  and  compounds  with  unusually  short  N-F  bonds. 

The  possibility  of  synthesizing  NF5,  either  in  its  covalent  form  or  as  ionic  NF4'*^F", 
was  studied.  Using  metathetical  reactions  of  NF4'*’  and  F"  ions  in  CHFj  solution,  it  was 
demonstrated  that  NF4‘*’F”  is  unstable  toward  decomposition  to  NFj  and  F2  at 
temperatures  as  low  as  -142®C  (Appendix  F). 

Another  fascinating  problem  in  nitrogen  fluoride  chemistry  was  the  bonding  in  the 
N2F*‘  cation.  Our  previous  spectroscopic  studies  [Ref.  4]  had  indicated  that  N2F*'  either 
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possesses  an  unusually  short  N-F  bond  {Ref.  5]  or  was  a  rare  exception  to  Gordy's  rule 
[Ref.  6]  which  correlates  force  constants  with  bond  distances.  A  crystal  structure 
determination  of  N2F*’AsF6“,  carried  out  in  collaboradon  with  Prof.  Bau's  group  as  USC, 
confirmed  the  extreme  shortness  of  the  N-F  bond  (1.217  A)  in  NjF*’  while  also  showing  a 
very  short  (1.098  A)  N-N  bond  (Appendix  L).  A  theoreticsd  analysis  of  this  problem  using 
local  density  functional  calculations  revealed  that  the  shortness  of  the  N-P  and  the  N-N 
bonds  is  due  to  the  high  s-character  of  the  sigma  bonds.  This  feature  had  previously  been 
demonstrated  only  for  carbon  compounds. 


OXYGEN.FLUORINE  EXCHANGE  REACTIONS 

Our  systematic  study  of  oxygen-fluorine  exchange  reactions  was  completed 
(Appendix  1).  Whereas  many  methods  are  known  for  the  replacement  of  oxygen  by 
fluorine,  very  little  work  had  been  done  on  the  opposite  reaction,  me  controlled  replacement 

of  fluorine  by  oxygen.  We  have  shown  that  oxoanions,  such  as  NO3"  or  804^'’,  are 
effective,  readily  available,  nontoxic,  and  low  cost  reagents  for  controlled,  stepwise 
fluorine-oxygen  exchange  in  highly  fluorinated  compounds  of  the  more  electronegative 
elements.  F^uct  separations  can  be  facilitated  greatly  by  appropriate  choices  of  the 
oxoanion,  the  countercations  and  the  mole  ratio  of  the  reagents.  These  reactions  appear  to 
be  quite  general,  controllable,  safe,  and  scalable.  It  was  also  shown  that  in  IF7  the  PF3O 
molecule  readily  replaces  two  fluorine  ligands  for  a  doubly  bonded  oxygen,  thereby 
providing  a  new  and  convenient  synthesis  for  IF5O  [Ref.  7]. 


POLYNITROGEN  AND  AZIDE  CHEMISTRY 

Protonation  of  HNj  in  anhydrous  HF  solution  resulted  in  the  isolation  of  stable 

SbFj",  AsFg“  and  BF4”  salts  of  H2N3'''.  These  salts  are  hygroscopic  white  solids  which 
are  stable  at  room  temperature.  They  were  fully  characterized  and  from  an  X-ray 
diffraction  study  at  20°K  shown  to  contain  a^^ymmetric  H2N3‘'’  cations  with  both 
hydrogens  bonded  to  the  same  nitrogen  atom  (Appendix  B). 

We  have  also  discovered  an  improved  synthesis  of  pure  N(CH3)4N3  from 
N(CH3)4F  and  Si(CH3)3N3  in  CH3CN  solution  (Appendix  K).  At  the  same  time,  some 
unexpected  reaction  chemistry  was  observed.  It  was  found  that  even  at  -80°C,  HN3 
displaces  F“  firom  MF  with  formation  of  equimolar  amounts  of  MN3  and  HF.  The  latter 
reacts  with  MF  to  give  M''’HF2".  On  the  other  hand,  HF  quantitatively  displaces  N3“  from 
MN3  with  formation  of  HN3  and  M*’HF2".  This  apparent  discrepancy  can  be  explained 
by  the  vast  difference  in  basicity  between  F*  and  HF2"’  (Appendix  K). 

In  the  area  of  polynitros;en  compounds,  we  have  demonstrated  the  stability  of  a  new 
family  of  compounds  by  ab  initio  calculations.  The  geometries,  vibrational  frequencies  and 

heats  of  formation  of  N(N3)3,  HN(N3)2,  the  N(N3)2''  anion  and  the  N(N3)4*  cation  were 
determined,  and  potential  methods  for  their  synthesis  are  proposed  (Appendix  DD). 
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+Vin  OXIDATION  STATES 


Osmium  is  one  of  the  very  few  elements  that  can  form  compounds  in  the  +VIII  oxidation 
state.  A  report  by  Bougon  [Ref.  8]  on  the  preparation  of  OsOF^  and  apparent 
discrepancies  in  his  vibrational  assignments  prompted  us  to  reexamine  his  work.  It  was 
found  that  his  compound  actually  is  cts-0s02F4,  a  new  Os(-»*Vni)  oxy fluoride.  The 
compound  was  identified  by  electron  diffraction,  multinuclear  NMR  and  vibrational 
spectroscopy  and  theoretical  calculations  (Appendices  H  and  V). 

MISCELLANEOUS 

The  work  under  this  contract  has  produced  numerous  spin-off  results.  Thus,  the  novel 
SF4*‘  and  SF4O''  radical  anions  were  prepared  and  characterized  (Appendix  D).  The 
ONOF  molecule  was  studied  by  theoretical  calculations  (Appendix  E),  and  the  Br^*^ 
(Appendix  N)  and  (Appendix  G)  cations  were  characterized.  The  published  [Ref.  9] 
structure  of  lOFg  was  found  to  be  in  error,  and  the  data  were  reanalyzed  (Appendix  T). 
The  PF4“  anion  was  isolated  for  the  first  time  and  thoroughly  characterized  (Appendix  Y). 
A  study  of  its  reaction  chemistry  resulted  in  the  first  isolation  of  a  stable  POF2'‘  salt  and  its 
characterization  (Appendix  Z). 


LQNCLliSIQNS 

Our  work  during  this  contract  period  has  been  very  fruitful  and  has  resulted  in  a  wealth  of 
new  chemistry  at  the  limits  of  coordination  and  oxidation.  Important  achievements  include 
the  synthesis  of  the  ClFg”  anion,  the  combination  of  the  organic  N(Ql3)4*  cation  with 
powerful  oxidizer  anions,  such  as  C1F4'‘,  in  the  form  of  stable  salts,  the  synthesis  of  truly 
anhydrous  N(CHg)4F  which  resulted  in  a  renaissance  of  high  coordination  number 
chemistry,  the  synthesis  of  the  XeFg"  which  is  the  first  known  example  of  a  pentagonal 
planar  species,  the  development  of  a  quantitative  scale  for  the  strength  of  oxidizers,  and  the 
discovery  of  a  new  fa^ly  of  vibrationally  stable  polynitrogen  compounds.  The 
outstanding  productiviw  of  ^is  program  was  made  possible  by  eimsting,  at  no  cost  to  the 
program,  the  support  of  many  outside  experts.  Among  these  collaborators  are:  Dr.  Dixon 
(Du  Pont),  Prof.  Schrobilgen  and  his  group  (McMaster  University),  Prof.  Oberhammer 
(University  of  Tubingen),  Prof.  Bau  and  his  group  (USC),  Prof.  Khan  (UCLA),  Dr 
Bougon  (CEN  Saclay),  Prof.  Seppeli  (University  of  Berlin),  Prof.  Minkwitz  (University 
of  Dortmund),  Dr.  Michels  (UTU),  FYof.  Williams  (University  of  Tennessee),  and  Dr 
Goldberg  (Rockwell  Science  Center).  The  success  of  this  program  demonstrates  the 
benefits  which  can  be  gained  from  well-planned,  goal-oriented  basic  research  and  program 
continuity. 
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Appendix  A 

The  10F6-  Anion:  The  First  Example  of  a  Pentagonal  Blpyramldal  AX5YZ 

Species 

K.O.  Christie,  D.A.  Dixon,  A.R.  Mahjoub,  H.P.A,  Mercier,  J.C.P.  Sanders, 

K.  Seppelt,  O.J.  Schrobilgen,  and  W.W.  Wilson 


Abstract 

The  IOFa-  anion,  which  is  the  first  example  of  a  pentagonal  bipyramidal  AX5YZ  type  species,  was  prepared 
in  the  form  of  its  stable  N(CH3)4*  salt.  Its  X-ray  crystal  structure  was  determined  at  -93  ®  and  -1S5®C  (tetra¬ 
gonal,  space  group  P4lnmm,  Z  s  2,  <1  s  8.8590  (10)  and  8.81S1  (10)  A,  i?  -  0.0373  and  0.0291  for  876  [/  > 
3a(/)J  reflections,  respectively).  In  addition  to  two  perfectly  ordered  N(CH3)4^  cations,  the  structure  contains 
two  IOFa~  anions  of  approximate  Qp  symmetry  which  are  subject  to  a  positional  4-fold  disorder  for  the  equa¬ 
torial  plane.  The  I-O-Fm  angle  is  constrained  by  symmetry  to  be  180°,  whereas  there  are  no  constraints  on 
the  positions  of  the  equatorial  fluorines.  The  1-0  tend  length  indicates  substantial  double  bond  character, 
and  the  axial  I-F  bond  length  is  significantly  shorter  than  the  five  equatorial  I-F  bond  lengths.  The  mean 
0-I-Feq  bond  angle  is  slightly  larger  than  90°,  due  to  the  doubly  bonded  oxygen  atom  being  more  repulsive 
than  the  singly  bonded  axial  fluorine  ligand.  The  equatorial  IFs  plane  is  puckered  to  alleviate  its  congestion. 
In  contrast  to  the  highly  fluxional,  free  IF?  molecule,  in  which  the  equatorial  fluorines  undergo  a  very  rapid, 
dynamic,  pseudorotational  ring  puckering  and  a  slower  intramolecular  equatorial-axial  ligand  exchange,  the 
puckering  of  the  IOFa-  in  its  N(CH3)4^  salt  is  frozen  out  due  to  anion-cation  interactions,  and  the  equatorial- 
axial  ligand  exchange  is  precluded  by  the  more  repulsive  oxygen  ligand  which  occupies  exclusively  axial 
positions.  Therefore,  the  IOFa-  anion  is  ideally  suited  for  studying  the  nature  of  the  equatorial  puckering 
in  species  of  5-fold  symmetry.  The  puckering  in  IOFa-  is  of  the  C5  symmetry  type,  and  the  deviations  from 
the  ideal  equatorial  plane  are  relatively  small  and  deaease  with  deaeasing  temperature.  Furthermore,  the 
axial  I-O  bond  length  deaeases  and  the  mean  1-  0-F.,  bond  angle  inaeases  with  deaeasing  temperature. 
These  findings  demonstrate  that  in  agreement  with  our  results  from  ab  initio  calculations  and  contrary  to  the 
VSEPR  concept  of  repelling  points  on  a  sphere,  the  minimum  energy  struaures  of  these  main  group  hepta- 
coordinated  fluorides  or  oxyfluorides  are  those  of  pentagonal  bipyramids  with  an  unpuckered  equatorial 
plane  and  not  those  of  either  monocapped  octahedra  or  monocapped  trigonal  prisms.  Whereas  in  solid 
N(CH3)4^IOFa  the  equatorial  ring  puckering  of  IOFa  is  frozen  out,  in  the  dissolved  free  ion  this  puckering 
becomes  dynamic,  as  demonstrated  by  ^^F  NMR  spearoscopy  which  shows  five  equivalent  equatorial  fluo¬ 
rine  ligands.  Contrary  to  IF?  andTeF?-,  the  IOFa~  anion  does  not  undergo  an  intcrmolecular  equatorial -axial 
ligand  exchange  on  the  NMR  time  scale  because  of  the  more  repulsive,  doubly  bonded  oxygen.  The  vibra¬ 
tional  speara  of  N(CH3)4'*'IOFa~  in  both  the  solid  state  and  CH3CN  solution  were  recorded  and  assigned  with 
the  help  of  ab  initio  calculations  on  IOFa  using  effeaive  core  potentials  and  local  density  funaional  theory. 
Normal  coordinate  analyses  were  carried  out  for  the  pentagonal  bipyramidal  series  IF?,  IOFa*'  which 
show  that  the  equatorial,  in-plane  deformation  force  constants  (/^)  are  a  good  measure  for  the  degree  of  con¬ 
gestion  in  the  equatorial  plane.  Puckering  inaeases  with  decreasing  bond  lengths,  inaeasing  ligand  and  de¬ 
aeasing  central  atom  sizes,  and  increasing  temperature.  The  pentagonal  bipyramidal  struaures  of  these  mol¬ 
ecules  and  the  coplanarity  of  their  equatorial  ligands,  which  are  found  for  their  minimum  energy  struaures, 
are  explained  by  a  bonding  scheme  involving  delocalized  hybrid  orbitals  of  the  central  atom  for  the  forma¬ 
tion  of  a  coplanar,  semi-ionic,  6-center  10-elearon  bond  system  for  the  five  equatorial  bonds  and  of  an  sp^ 
hybrid  orbital  for  the  formation  of  two,  more  covalent,  col  inear,  axial  bonds.  This  bonding  scheme  can  ac¬ 
count  for  all  the  observed  struaural  features  and  also  the  bond  length  differences. 
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Appendix  B 

The  Aminodlazonium  Cation,  HaNa'*’ 

Karl  O.  Christie,  William  W.  Wilson,  David  A.  Dixon,  Saeed  I.  Khan 
Robert  Bau,  Tobias  Metzenthin,  and  Roy  Lu 


Abstract 

The  H2N3‘*'  salts  of  SbFs-,  and  ASF6-,  and  BF4-  have  been  prepared  and,  for  the  first  time,  been 
isolated  from  HF  solutions  of  HN3  and  the  corresponding  Lewis  acids.  They  are  hygroscopic  white 
solids  which  are  stable  at  room  temperature.  The  crystal  structure  of  H2N3'*'SbF6"  was  determined 
at  20  K.  This  compound  crystallizes  in  the  orthohombic  system,  space  group i’mc2i,  with  two  mole¬ 
cules  in  a  unit  cell  of  dimensions  a  »  5.94  (3)  A,  =  5.113  (2)  A,  and  c  =  9.919  (5)  A  with  R  *  0.015, 
0.022.  for  587  observed  [/  >  3a(/)]  reflections.  In  addition  to  two  almost  perfectly  octahedrvl 
SbFs”  anions,  the  unit  cell  contains  two  asymmetric  H2H3+  cations  with  N(l)-N(2)  =  1.295  (5)  A 
N(2)-N(3)  s  1. 101  (6)  A  and  N(l)-N(2)-N(3)  s  175.3  (5)  Aand  both  hydrogens  bonded  to  the  same 
nitrogen  atom,  N(l).  The  infrared  and  Raman  spectra  of  these  saits  were  also  recorded.  Local  densi¬ 
ty  functional  calculations  were  carried  out  for  H2N3''’  and  isoelectric  H2NCN  and  used  for  the  assign¬ 
ment  of  the  observed  vibrational  spectra  and  the  determination  of  their  force  fields.  The  general 
agreement  between  the  calculated  and  observed  geometries  and  frequencies  is  very  good.  The  re¬ 
sults  from  the  LDF  calculations  indicate  that  the  H2N  group  in  H2N3'''  is  less  pyramidal  than  that 
in  H2NCN  and,  therefore,  possesses  a  lower  inversion  energy  barrier. 
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Abstract  C 


On  the  Problem  of  Heptacoordlnatton:  Vibrational  Spectra, 
Structure,  and  Fiuxionallty  of  Iodine  Heptafluorlde 

Karl  O.  Christe,  E.C.  Curtis,  and  David  A.  Dixon 


Abstract 

Iodine  heptafluoride,  the  most  studied  prototype  of  a  heptacoordinated  molecule,  had  presented 
many  mysteries  concerning  its  spectroscopic  and  structural  properties.  It  is  shown  by  ab  initio  cal¬ 
culations  and  a  reexamination  of  the  vibrational  spectra  and  their  normal  coordinate  analysis  that 
most  of  the  previously  implied  abnormalities  were  due  to  incorrect  assignments.  All  the  available 
structural  data  for  IF7  are  consistent  with  a  highly  fluxional,  dynamically  distorted  pentagonal-bipy- 
ramidal  molecule  possessing  Dsh  symmetry  in  the  ground  state.  The  fluxionality  of  IF7can  be  attrib¬ 
uted  to  (i)  a  rapid  dynamic  puckering  of  the  highly  congested  pentagonal  equatorial  plane  involving 
a  very  low  frequency,  large  amplitude  puckering  mode  which  induces  a  small  axial  bend  and  (ii)  a 
much  slower  intramolecular  exchange  of  the  axial  and  equatorial  fluorines  resulting  in  their  equiva¬ 
lence  on  the  NMR  time  scale,  the  high  degree  of  ligand  congestion  in  the  equatorial  plane  of  the 
pentagonal  bipyramid,  combined  with  a  semi-ionic,  6-center  10-electron  bonding  scheme,  results 
in  the  equatorial  I-F  bonds  being  significantly  longer  than  the  axial  ones  and  the  equatorial  in-plane 
deformation  force  constants  being  much  larger  than  the  out-of-plane  ones.  It  is  shown  that  the 
VSEPR  model  of  repelling  points  on  a  sphere  cannot  account  for  either  the  pentagonal-bipyramidal 
structure  of  the  heptacoordinated  molecules  or  the  planarity  of  their  equatorial  fluorine  belts.  These 
features  can  be  explained,  however,  by  a  bonding  scheme  involving  a  planar,  delocalized  px,y  hybrid 
on  the  central  atom  for  the  formation  of  five  equatorial,  semi-ionic,  6-center  10-electron  bondis  and 
an  spz  hybrid  for  the  formation  of  two  mainly  covalent  axial  bonds. 
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Appendix  D 

l)etnifluorosulfate(l«-)  and  Tetrafluorooxosulfate(l-)  Radical 
Anions  (SF4'  and  SF4O'') 

K.O.  Christe,  D.A.  Dixon,  I.B.  Goldberg,  C.J.  Schack,  B.W.  Walther, 
J.T.  Wang,  and  F.  Williams 


Abstract 

The  novel  radical  anions  SF4“  and  rra«s~SF40”  were  generated  by  Y-irradlatlon  of  CsSFs  and 
CSSF5O,  respectively,  at  -196“C  and  characterized  by  their  isotropic  EPR  spectra  at  +27“C.  The 
SF4'‘  anion  (g  »  2.0045, 333,  s  12.85  mT,  ai9f »  9.75  mT)  has  a  square-planar  structure  close  to 
symmetry  derived  from  a  pseudo-octahedron  in  which  the  two  axial  positions  are  equally  occupied 
by  a  total  of  three  sterically  active  valence  electrons.  Accordingly,  the  greatest  portion  of  the  un¬ 
paired  electron  spin  is  localized  in  a  sulfur  Pz  orbital.  The  rra/ts-SF40'  anion  (g  s  2.0027,  <1333  = 
36.26  mT,  ai9f  =  18.95  mT)  has  a  closely  related,  pseudo-octahedral  structure  of  Qv  symmetry  in 
which  the. equatorial  positions  are  occupied  by  four  equivalent  fluorines,  one  axial  position  is  occu¬ 
pied  by  a  doubly  bonded  oxygen,  and  the  second  axial  position  is  occupied  by  the  sterically  active 
free  valence  electron.  Accordingly,  the  greatest  portion  of  the  unpaired  electron  spin  is  localized 
in  an  axial  sp-hybrid  orbital  of  sulfor.  the  structures  and  electron  spin  density  distributions  of  SF4*’ 
and  cis-  and  trflnj-SF40~  were  analyzed  by  a  local  density  functional  study  which  also  provided 
vibrational  frequencies  and  charge  distributions  for  these  radical  anions.  For  comparison,  the  close¬ 
ly  related  SFs  radical,  the  cis-  and  trans^PFiO^'  radical  anions,  and  the  SF4,  SF4),  and  SF^  mole¬ 
cules  were  also  calculated  by  this  method.  These  calculations  show  that  the  exclusive  formation  of 
tranS’~SF40'  under  our  experimental  conditions  is  probably  due  to  both  energetic  and  reaction 
mechanistic  reasons  and  that  the  agreement  between  the  LDF  calculations  and  the  experimental  data 
is  good. 
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Appendix  E 

NItrosyl  Hypofluorlte:  Local  Density  Functional  Study  of  a  Problem  Case  for 

Theoretical  Methods 

David  A.  Dixon  and  Karl  O.  Christe 


Abstract 

Local  density  functional  (LDF)  throery  can  successfully  reproduce  the  previously  published  vibra* 
tional  spectra  and  the  salient  geometrical  parameters  derived  from  them  for  FONO  for  which  con* 
ventional  ab  initio  methods  (CISD/6-*31G*)  fail.  LDF  theory  was  used  to  calculate  the  geometries, 
vibrational  spectra,  force  fields,  and  charge  distributions  for  the  three  isomers  cis-FONON,  trans- 
FONO,  and  FNO2.  It  is  shown  that  FNO2  is  40.8  kcal  mol~*  more  stable  than  cis-FONO,  which 
in  turn  is  favored  by  25.2  kcal  mol'^  over  the  trans  isomer.  It  is  shown  that  the  previously  published 
approximate  mode  descriptions  for  FONO  are  correct  but  that  the  observed  spectra  must  be  due  to 
ciy-FONO  and  not  to  the  trans  isomer  as  previously  proposed.  The  bonding  in  cis-FONO  is  best 
rationalized  in  terms  of  an  F  atom  loosely  bonded  through  an  oxygen  atom  to  an  NO2  molecule,  re* 
suiting  in  the  following  structural  parameters:  =  1.673  A,  rpo-N  =  1*216  A,  =  1.190  A, 

ZFON  -  118.0“,  and  ZONO  =  135.2“. 
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Appendix  F 

Nitrogen  Pentafluoride:  Covalent  NF5  versus  Ionic  NF4'^F’ 
and  Studies  on  the  Instability  of  the  Latter 

Karl  O.  Christe  and  William  W.  Wilson 


Abstract 

Recent  ab  initio  calculations  suggesting  that  covalent  NF5  and  even  NFs'  are  vibrationally  stable 
and  might  be  experimentally  accessible  prompted  us  to  critically  evaluate  the  presently  available 
theoretical  and  experimental  data  for  NFs  and  to  carry  out  experiments  on  the  stability  of  ionic 
NF4+F“.  It  is  shown  that  covalent  NF4ofZ>5A  symmetry  and  crystalline  NF4‘*‘F"  should  be  of  compa¬ 
rable  energy  but  that  covalent  NF5  should  suffer  from  severe  ligand-crowding  effects  that  would 
make  its  synthesis  experimentally  very  difficult.  On  the  other  hand,  crystalline  NF4'*^F~  should  be 
readily  accessible  from  the  well-known  solvated  NF4^  and  F"  ions.  The  recent  discoveries  of  a  co¬ 
valent  synthesis  of  truly  anhydrous  N(CH3)4F  as  a  source  of  soluble  “naked”  fluoride  ions  and  of 
solvents  which  possess  sufficient  kinetic  stability  toward  strong  oxidizers  allowed  us  to  carry  out 
experiments  on  the  thermal  stability  of  NF4^F~.  It  is  shown  that  at  temperatures  as  low  as  -142°C 
crystalline  NF4'*'F~  is  unstable  toward  decomposition  to  NFs  ^2>  ^  process  which  is  calculated 
to  be  exothermic  by  about  32  kcal  mol“^. 
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Appendix  G 

The  PentabromineClH-)  Cation,  firs’**.  Local  Density  Functional  Calculations 

and  Vibrational  Spectra 

K.O.  Christe,  D.A.  Dixon,  and  R.  Minkwitz 
Abstract 

The  geometry,  vibrational  spectra  and  charge  distribution  of  Brs*  were  calculated  by  the  use  of  the 
local  density  functional  (LDF)  method.  The  results  show  that  for  free  Brs'*'  the  lowest  energy  config* 
uration  is  a  skew  structure  with  the  three  central  Br  atoms  forming  an  angle  of  168.6°  and  the  two 
terminal  Br  atoms  exhibiting  a  dihedral  angle  of  82°.  This  skew  configuration  is  in  contrast  to  the 
planar  trans  configuration  of  C21,  symmetry  found  for  Brs*  in  solid  Br5'‘’MF6"  (M  ==  As,  Sb).  The 
small  energy  difference  of  1.2  kcal  mot~^  between  the  skew  and  the  trans  configuratioas,  combined 
wth  crystal  packing  effects,  can  account  for  the  planar  trans  configuration  of  Brs***  in  solid  BrsMFs". 
The  computed  vibrational  spectra  were  used  to  select  the  most  likely  set  from  three  sets  of  previously 
published  and  widely  diverging  spectra.  Contrary  to  previous  STO-3G  calculations  for  CIs'*^,  the 
present  LDF  calculations  for  Br5'^  and  CIs^  result  in  charge  distribution  which  agree  with  a  previous¬ 
ly  proposed  simple  valence  bond  model  for  pentahalogen(l-f)cations. 
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Appendix  H 

Osmium  Tetrafluoride  Dioxide,  0$F402:  a  New  Osmium(viii)  Oxide  Fiuoride 

Karl  O.  Christe  and  Roland  Bougon 

Abstract 

The  reaction  of  OSO4  with  KrF  in  anhydrous  HF  produces  CM-OSF42  and  not  OsF6  as  previously 
reported. 


/.  Chenu  Soc.,  Chem.  Commun.,  1992, 1056 
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Appendix  I 

Chapter  2 

Controlled  Replacement  of  Fluorine  by  Oxygen  in  Fluorides  and  Oxyfluorides 

Kar!  O.  Christe,  William  W.  Wilson,  and  Carl  J.  Schack 


2.1  Introduction 

2.2  Reactions  of  the  Nitrate  Anion 

2.2.1.  Xenon(VI)  Fluoride  and  Oxyfluorides 

2.2.2.  Chlorine  Fluorides  and  Oxyfluorides 

2.2.3.  Bromine  Pentafluoride 

2.2.4.  Iodine  Fluorides  and  Oxyfluorides 

2.2.5.  Carbonyl  Fluoride 

2.2.6.  Mechanism  of  the  Fluoride-Oxygen  Exchange  Involving  Nitrates 

2.3.  Reactions  of  the  Sulfate  Anion 

2.3.1.  Bromine  Pentafluoride 

2.3.2.  Iodine  Fluorides 

2.3.3.  Xenon  Fluorides 

2.4.  Summary 
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Appendix  J 

A  Quantitative  Scale  for  the  Oxidizing  Strength  of  Oxidative  Fluorinators 

Kari  O.  Christe  and  David  A.  Dixon 


Abstract 

A  quantitative  scale  for  the  oxidizing  strength  of  oxidative  fluorinators  has  been  developed  for  the 
first  time.  This  scale  is  based  on  the  relative  P'  detachment  energies,  which  were  obtained  by  local 
density  functional  calculations,  and  is  anchored  to  its  F-f  zero  point  by  an  experimental  value  for 
KrP.  The  oxiding  strength  of  36  oxidizers  was  determined  in  this  manner  and  shown  to  be  consis¬ 
tent  with  all  of  the  previously  avaiiable  qualitative  experiments.  An  analysis  of  the  trends  in  the 
calculated  data  reveals  some  expected  but  also  some  highly  unexpected  features.  Thus,  the  oxidizer 
strength  depends  not  only  on  the  number  of  fluorine  ligand  and  the  oxidation  state  and  electronega¬ 
tivity  of  the  central  atom  but  also  on  the  presence  of  free  valence  electron  pairs  on  the  central  atom 
and  the  geometry  of  the  oxidizer.  The  heats  of  formation  of  these  oxidizers  were  also  determined 
from  their  P  detachment  energy  values. 
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Appendix  K 

New  Synthesis,  Crystal  Structure,  and  Vibrational  Spectra  of 
Tetramethylammonium  Azide  and  Reactions  of  the  Fluoride 
Anion  with  HN3  and  of  the  Azide  Anion  with  HF 

Karl  O.  Christe,  William  W.  Wilson,  Robert  Bau,  and  Steven  W.  Bunte 


Abstract 

Tetramethylammonium  azide,  N(CH3)4'^N3",  was  obtained  In  high  purity  and  quantitative  yield  by 
the  reaction  of  N(CH3)4+F‘  with  Si(CH3)3N3  in  CH3CN  solution.  This  compound  is  isostructural 
with  N(CH3)4‘‘‘HF2~  and  cystallizes  in  the  orthorhombic  system:  space  group,  Pmnli  (No.  31);  a 
=  6.879  (5)  A;  b  =  5.479  (4)  A;  c  =  8.858  (7)  A;  Z  =  2;  R(^  ~  0.0388.  Its  N3“  anion  is  symmetric 
and  linear  and  the  N(CH3)4‘*'  cation  is  somewhat  distorted  from  tetrahedral  symmetry  due  to  crystal 
packing  effects.  The  infrared  and  Raman  spectra  of  N(CH3)4'*‘N3~  were  also  recorded.  The 
symmetric  stretching  mode  of  N3"  exhibits  the  pronounced  frequency  decrease  expected  for 
increasing  ionicity  with  increasing  cation  size.  A  study  of  the  HN3-MF  system  [M  =  Na,  K,  Rb, 
Cs,  N(CH3)4]  revealed  some  unexpected  chemistry.  Even  at  -80°C,  HN3displaces  F"  from  MF  with 
formation  of  equimolar  amounts  of  M‘'’N3"  and  HF.  the  latter  reacts  with  MF  to  give  M‘’’HF2~.  On 
the  other  hand,  HF  quantitatively  displaces  N3"  from  MN3  with  formation  of  HN3  and  M'*’HF2‘'. 
This  apparent  discrepancy  can  be  explained  by  the  vast  difference  in  basicity  between  F~  and  HF2~. 
Attempts  to  isolate  stable  H-F-N3“  or  N3-H-N3"  anions  from  HN3  and  either  MF  or  MN3, 
respectively,  were  unsuccessful. 
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Appendix  L 

The  NjF**  Cation.  An  Unusual  Ion  Containing  the  Shortest 
Presently  Known  Nitrogen^Fluorine  Bond 

Karl  O.  Christe,  Richard  D.  Wilson,  William  W.  Wilson,  Robert  Bau, 
Sunanda  Sukumar,  and  David  A.  Dixon 


Abstract 

The  N2F*‘AsF6"  salt  was  prepared  in  high  yield  from  trans-fi2^2  by  thermal  trans-cis  isomerization 
in  the  presence  of  AsFs  at  70“C.  A  displacement  reaction  between  N2F+ASF6”  and  FNO  yields  ex¬ 
clusively  cty-N2F2.  The  Lewis  acids  BF3  and  PF5  do  not  form  a  stabel  adduct  with  c«-N2F2  at  tem¬ 
peratures  as  low  as  and  do  not  catalyze  the  N2F2  trans-K^is  isomerization.  A  semiempiricai 
molecular  orbital  model  is  used  to  explain  the  puzzling  differences  in  the  reaction  chemistry  of  cts- 
and  rrans-N^Fs-  The  crystal  structure  of  N2F‘'AsF6“  (monoclinic,  C2lm,  a  =  9.184  (5)  A,  6  -  5.882 
(2)  A;  c  =  5.160  (2)  A,  ^  =  90.47  (4)®,  Z=s  2)  was  determined.  Alternate  space  groups  (Cm  and  C2) 
can  be  rejected  on  the  basis  of  the  observed  vibrational  spectra.  Since  in  C2/m  the  N2F'*’  cations  are 
disordered,  only  the  sum  of  the  N-F  and  N-N  bond  distances  could  be  determined  from  the  X-ray 
data.  Local  density  functional  calculations  were  carried  out  for  N2P''  and  the  well-known  isoelec- 
tronic  FCN  molecule.  The  results  from  these  calculations  allowed  the  sum  of  the  N2F'''  bond  lengths 
to  be  partitioned  into  the  individual  bond  distances.  The  resulting  N-F  bond  length  of  1.217  A  is 
by  far  the  shortest  presently  known  N-F  bond,  while  the  N-N  bond  length  of  1.099  A  is  comparable 
to  the  shortest  presently  known  N-N  bond  length  of  1.0976  (2)  A  in  N2.  The  surprising  shortne.ss 
of  both  bonds  is  attributed  to  the  high  s-character  (sp  hybrid)  of  the  o-bond  orbitals  on  nitrogen  and 
the  formal  positive  charge  on  the  cation.  Thus,  the  shortening  of  the  N-F  bond  on  going  from 
sp^-hybridized  NF4'*’  (1.30  A)  to  sp-hybridized  N2F+  (1.22  A)  parallels  those  found  for  the  C-H 
and  C-F  bonds  in  the  CH4,  CH2MCH3,  CHsCH  and  CF4,  CF2==CF2,  FCsN  series,  respectively. 
The  N2F^  cation  oxidized  Xe  and  CIF  to  Xer*"  and  C1F2''’,  respectively,  but  did  not  oxidize  CIF5, 
BrFs,  IF5,  XeF4,  NF3,  or  O2. 
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Appendix  M 

High-coordination  Number  Fluokt>-  and  Oxofluoro-anlons;  IFcO",  TeF^O^**, 

TfcF7-,  IFg-  and  TteFs^- 

Karl  O.  Chrlste,  Jeremy  C.P.  Sanders,  Gary  J.  Schrobilgen  and  William  W.  Wilson 


Abstract 

The  novel  hypervalent,  highly  coordinated,  high--oxidation  state  anions  IFeO",  IbFe)^'’,  TeF7",  IPs'" 
and  TeFg^"  have  been  synthesized  in  anhydrous  MeCN  using  anhydrous  N(Me)4‘''F^  as  the  fluoride 
ion  source;  the  anions  have  been  characterized  by  NMR  and  vibrational  spectroscopy  and  represent 
novel  examples  of  seven  and  eight-coordinate  species  having  symmetries  Csv  (IFsO",  76^60^'), 
and  Dsh  (TbFv-)  and  D4d  (IFa",  TcFg^-). 
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Appendix  N 

X-ray  Crystal  Structure  and  Raman  Spectrum  of  Trlbromine(l+) 
Hexafluoroarsenate(V)y  Bra+AsFj",  and  Raman  Spectrum  of 
Pentabromine(l+)  Hexafluoroarsenate(V),  Br5^AsF6" 

K.O.  Christe,  R,  Bau  and  D.  Zhao 


Abstract 

A  single  crystal  of  Bra'AsFe"  was  isolated  from  a  sample  of  BrF2"AsF6‘’  which  had  been  stored  for 
20  years.  It  was  characterized  by  x-ray  diffraction  and  Raman  spectroscopy.  It  is  shown  that 
Brs-AsFe"  (triclinic,  a  *  7.644(7)  A,  b  =:  5.641(6)  A,  c  =  9.810(9)  A,  x  =  99.16(8)“,  p  =  86.61(6)“, 
Y  » 100. 1 1('^  “,  space  group  PI  R(F)  =  0.0608)  is  isomorphous  with  l3‘*'AsF6".  The  structure  consists 
of  discrete  Brs*  and  AsF*"  ions  with  some  cation-anion  interaction  causing  distortion  of  the  AsF6'‘ 
octahedron.  The  Brs"  cation  is  symmetric  with  a  bond  distance  of  2.270(5)  A  and  a  bond  angle  of 
102.5(2)“.  The  trhee  fundamental  vibrations  of  Bra'*’  were  observed  at  297  (V3),  293  (vj),  and  124 
cm“^  (V2).  The  Raman  spectra  of  Cl3‘‘‘AsF6“  and  l3''‘AsF6”  were  reinvestigated  and  V3(Bi)  of  I3+ 
was  reassigned.  General  valence  force  fields  are  given  for  the  series  Cls*,  Br3"*‘,  and  l3‘*’.  Reactions 
of  excess  Br2  with  either  BrF2"AsF6"  or  02'*‘AsF6"  produce  mixtures  of  Br3‘'‘AsF6“  and  Brs^AsFg". 
Based  on  its  Raman  spectra,  the  Br5‘''  cation  possesses  a  planar,  centrosym metric  structure  of  C2h 
symmetry  with  three  semi-ionically  bound,  colinear,  central  Br  atoms  and  two  more  covalently,  per- 
pendictdarly  bound,  terminal  Br  atoms. 
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Appendix  O 

The  Peiitafluoroxenate(IV)  Anion,  XeFs':  The  First  Example 
of  a  Pentagonal  Planar  AX5  Species 

Karl  O.  Christe,  Earl  C.  Curtis,  David  A.  Dixon,  H6line  P.  Mercier, 
Jeremy  C.  P.  Sanders,  and  Gary  J.  Shrobilgen 


Abstract 

Xenon  tetrafluoride  forms  stable  1:1  adducts  with  N(CH3)4F,  CsF,  RbF,  KF,  and  NaFand  an  unstable 
1:1  adduct  with  FNO.  All  these  adducts  are  ionic  salts  containing  pentagonal  planar  XeFs'  anions 
as  shown  by  a  crystal  structure  determination  of  N(CH3)4*'’XcF5',  Raman  and  infrared  spectra,  and 
^^F  and  ^29xe  NMR  spectroscopy.  The  X-ray  crystal  structure  of  N(CH3)4'*'XeFs"  was  determined 
at  -Sd^C.  This  compound  crystallizes  in  the  orthorhombic  system,  space  group  Pmcm,  with  four 
molecules  in  a  unit  cell  of  dimensions  a  =  6.340  (2)  A,  b  =  10.244  (3)  A,  and  c  =  13.896  (4)  A  with 
R  =  0.0435  for  638  for  638  observed  [/  >  3  o{/)]  reflections.  In  addition  to  four  N(CH3)4^  cations, 
the  structure  contains  four  pentagonal  planar  XeFs'  anions  per  unit  cell  with  Dsh  symmetry.  The 
Xe-F  distances  are  1.9979  (2)-2.034  (2)  A  with  F-Xe-F  angles  of  71.5  (4)-72.3  (4)“.  The  Dsh 
structure  of  the  XeFs~  anion  is  highly  unusual  and  represents  the  first  example  of  an  AXsE2  (E  = 
valence  electron  lone  pair)  species  in  which  ail  six  atoms  are  coplanar.  The  results  from  the  crystal 
structure  determination  and  a  normal  coordinate  analysis  show  that  the  XeFs  plane  of  XeFs'  is  con¬ 
siderably  more  rigid  than  that  in  the  fluxional  IF?  molecule  due  to  the  increased  repulsion  from  the 
xenon  free  valence  electron  pairs.  Local  density  functional  calculations  were  carried  out  for  XeFs~ 
and  XeF4  with  a  double-numerical  basis  set  augmented  by  polarization  functions  and  confirm  the 
experimentally  observed  geometries  and  vibrational  spectra.  It  is  shown  that  the  bonding  in  XeFsl- 
closely  resembles  that  in  XeF4.  In  a  valence  bond  description,  it  can  be  visualized  as  the  two  axial 
positions  being  occupied  by  two  sp-hybridized  free  valence  electron  pairs  and  the  equatorial  fluo¬ 
rines  being  bound  by  two  Xe  5p  electron  pairs  through  semiionic  multicenter  four-electron  bonds. 
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Appendix  P 

Syntheses,  Properties,  and  Structures  of  Anhydrous 
Tetramethylammonium  Fluoride  and  Its  1:1  Adduct  with 
traits-3>Aniino-2~butenenltrile 

Karl  O.  Christe,  William  W.  Wilson,  Richard  D.  Wilson,  Robert  Bau 

and  Jin-an  Feng 


Abstract 


A  simple  method  for  the  preparation  of  anhydrous  and  essentially  HF2“  -free  N(CH3)4F  is  de¬ 
scribed.  The  compound  was  characterized  by  X-ray  diffraction,  NMR,  infrared,  and  Raman  spec¬ 
troscopy.  It  crystallizes  in  the  hexagonal  system  with  a  hexagonal  closest  packing  of  the  N(CH3)4+ 
cations.  It  is  shown  that  the  free  F~  anion  is  a  very  strong  Lewis  base  and  chemically  reacts  with 
most  of  the  solvents,  such  as  CH3CN  or  chlorinated  hydrocarbons,  previously  used  for  studies  of 
the  fluoride  anion.  As  a  result,  some  of  the  properties  previously  reported  for  F“  were  due  to  HF2" 
or  other  secondary  reaction  products.  Its  relatively  simple  synthesis  and  lower  cost,  combined  with 
its  good  solubility  and  the  high  chemical  inertness  of  the  N(CH3)4'*"  cation,  make  N(CH3)4F  an  excel¬ 
lent  substitute  for  presently  used  fluoride  ion  sources,  such  as  either  [(CH3)4]3S'’‘F2Si(CH3)3', 
which  is  commonly  referred  to  as  tris(dimethylamino)sulfonium  fluoride,  or  OsF.  The  reaction  of 
N(CH3)4F  with  CH3CN  results  in  the  dimerization  of  CH3CN  and  the  formation  of  a  1:1  adduct  of 
N(CK3)4F  with  this  dimer,  iranj-3-amino-2-butenenitrile.  The  crystal  structure  and  vibrational 
spectra  of  this  adduct  are  reported. 
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Appendix  Q 

The  Hexafluoroch(orate(V)  Anion,  CIF«' 

Karl  O.  Christe,  William  W.  Wilson,  Raman  V.  Chirakal,  Jeremy  C.P.  Sanders, 

and  Gary  J.  Schrobilgen 


Abstract 

The  low-temperature  reactions  of  either  N(CH3)4F  or  CsF  with  CIF5  in  CH3CN  solutions  produce 
white  solids,  which  on  the  basis  of  material  balances  and  low-temperature  Raman  spectra,  contain 
the  CIF6~  anion.  The  similarity  of  the  Raman  spectrum  of  CIFs"  to  that  of  the  octahedral  BrF^'  ion 
indicates  that  CIFfi"  is  also  octahedral  and  that  the  free  valence  electron  pair  on  chlorine  is  sterically 
inactive.  The  existence  of  the  CIFs*  anion  was  further  supported  by  an  ^^F  exchange  experiment 
between  CIFs  and  ^^F-labeled  FNO  that  showed  complete  randomiration  of  the  ^^F  isotope  among 
the  two  molecules.  A  high-field  ^^F  NMR  study  of  neat  CIFs  and  CIFs  in  anhydrous  HF  solution 
in  the  presence  and  absence  of  excess  CsF  has  provided  accurate  measurements  of  the  CIFs  NMR 
parameters  including,  for  the  first  time,  both  ^'^^^^Cl  secondary  isotopic  ^^F  NMR  shifts.  Moreover, 
the  NMR  study  also  supports  the  existence  of  C1F6~,  showing  that  CIFs  undergoes  slow  chemical 
exchange  with  excess  CsF  in  anhydrous  HF  at  room  temperature. 


Inorganic  Chem,,  Vol,  29,  No.  18, 1990,  3506-3511 
0002-7863/90/1329-3506$02.50A)  ©  1990  American  Chemical  Society 


« 

« 


27 


Appendix  R 

Nuclear  Magnetic  Resonance  Spectrum  of  the  Fluoride  Anion 

Karl  O.  Christe  and  William  W.  Wilson 


Summary 

The  fluorine  shift  of  the  fluoride  anion  in  CH3CN  solution  has  been  recorded.  The  observed  shift 
of  -74  ppm  significantly  differs  from  the  value  of  -150.6  ppm  recently  reported.  The  previously 
observed  signal  is  attributed  to  the  HF2~  anion.  It  is  also  shown  that  the  previously  reported  and 
unexplained  satellite  at  about  -131  ppm  is  due  to  the  SiFs^"  anion.  The  chemical  shifts  of  F"  in 
isopropanol,  ethanol  and  CH2CI2  have  also  been  recorded  and  suggest  that  the  F~  shifts  are  strongly 
solvent  dependent. 
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Appendix  S 

The  TeOFtf^**  Anion: 

The  First  Example  of  a  Multiply  Charged,  Pentagonal  Bipyramidal, 
Main-Group  Element  AXsYZ  Species  and  the  Vibrational  Spectra  of  the 

TbOFs*  Anion 

Karl  O.  Christe,  David  A.  Dixon,  Jeremy  C.P.  Sanders,  Gary  J.  Schrobilgen,  and 

William  W.  Wilson 


Abstract 


The  new  TeOF6^~  anion  has  been  isolated  in  the  form  of  its  tetramethylammonium  salt  from  solu¬ 
tions  of  N(CH3)4F  and  N(CH3)4TeOF5  in  CH3CN.  It  was  characterized  by  vibrational  spectroscopy, 
a  normal  coordinate  analysis  and  ab  initio  calculations.  It  is  shown  that  its  structure  is  analogous 
to  that  of  (he  recently  discovered,  isoelectronic  lOF^’  anion  which  makes  it  only  the  second  known 
representative  of  a  pentagonal  bipyramidal,  main-group  element  AXsYZ  species  and  the  first  multi¬ 
ply  charged  example  of  such  a  species.  The  stretching  force  constant  of  the  TeFs  part  of  TeOF6“" 
is  significantly  smaller  than  that  in  lOFs*  indicating  the  the  additional  negative  charge  in  TeOF^'' 
weakens  mainly  the  equatorial  Te-F  bonds.  TTie  vibrational  spectra  of  N(CH3)4TeOFs  are  also  re¬ 
ported,  and  the  results  of  ab  initio  calculations  and  of  a  normal  coordinate  analysis  of  TeOFs’  show 
that  six  of  its  fundamental  vibrations  had  previously  been  assigned  incorrectly. 
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Appendix  T 

On  the  Structure  of  IOF5 

Karl  O.  Christe,  Earl  CCurtis  and  David  A.  Dixon 


Abstract 

Ab  initio  and  density  functional  theory  calculations  were  carried  out  for  lOFs  and,  together  with 
experimental  and  ab  initio  data  for  isoelectronic  TeOFs",  suggest  that  the  axial  and  the  equatorial 
I-F  bonds  of  lOFs  are  of  comparable  lengths  and  that  the  0-  I-Feq  bond  angle  is  close  to  97.2°. 
Using  these  two  constraints  and  the  previously  published  P^OFs  and  I^^OFs  microwave  data,  the 
structure  of  lOFs  was  determined  as:  rI-0  =  1.725  A,  rl-Fa*  a  rl-Feq  =  1.826  A,  and  4  OIFeq  = 
97.2°.  The  finding  that  the  axial  I-F  bond  length  is  comparable  to  the  equatorial  one,  eliminates 
the  needs  for  invoking  for  IOF5  either  a  “secondary  relaxation  effect”  which  lengthens  the  fluorine 
bond  in  trans-position  to  a  doubly  bonded  oxygen  ligand,  or  a  “trans  effect”  which  shortens  this 
bond. 
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Appendix  U 

Heptacoordination:  On  the  Pentagonal  Blpyramidal  XeF7*  and  TeF7"  Ions 

Karl  O.  Christe,  David  A.  Dixon,  Jeremy  C.P,  Sanders,  Gary  J.  Schrobilgen,  and 

William  W.  Wilson 

Abstract 

The  TcFt”  anion  was  studied  experimentally  by  vibrational  and  and  ^^Te  NMR  spectroscopy. 
Ab  initio  calculations  employing  effective  core  potentials  and  density  functional  theory  calculations 
at  the  self-consistent  nonlocal  level  with  the  nonlocal  exchange  potential  of  Becke  and  the  nonlocal 
correlation  functional  of  Perdew  were  used  for  the  analysis  of  the  isoelectronic  series  TeF7",  IF7, 
XeF7'*’.  It  is  shown  that  XeF7^  is  a  stable  structure,  that  all  three  members  of  this  series  possess  a 
pentagonal  blpyramidal  equilibrium  geometry  and  that  from  the  two  closest  lying  saddle  point  ge¬ 
ometries  only  the  monocapped  trigonal  prism,  but  not  the  monocapped  octahedron  is  a  transition 
state  for  the  intramolecular  axial-equatorial  ligand  exchange.  The  results  from  a  normal  coordinate 
analysis  reveal  the  existence  of  an  unusual  new  effect  which  counteracts  the  ligand-  ligand  repulsion 
effect  and  is  characterized  by  axial  bond  stretching  encouraging  equatorial  bond  stretching.  While 
in  TeF?"  the  ligand-ligand  repulsion  effect  dominates,  in  XeF7*  the  new  effect  becomes  preponder¬ 
ant. 
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Appendix  V 

Osmium  Tetrafluoride  Dioxide,  cis-0s02F4 

Karl  O.  Christe,  David  A.  Dixon,  Hans  Georg  Mack,  Heinz  Oberhammer,  Alain  Pagelot, 
Jeremy  CP.  Sanders,  and  Gary  J.  Schrobilgen 


Abstract 

The  new  osmium  (•fVIII)  oxofluoride  obtained  from  the  reaction  of  KrF2  and  OSO4  in  anhydrous 
HF  solution  and  originally  identified  as  OsOF^  is  shown  by  quantitive  material  balance,  electron 
diffraction,  NMR  and  vibrational  spectroscopy,  and  density  functional  theory  calculations  to  be 
cis--0s02F4.  The  combined  electron  diffraction  study  and  DFT  calculations  result  in  the  following 
geometry:  ros,^  =  1.674(4)A,  ros-Fe  =  1.8e3(3)A,  roa_Fa  *  1 .843(3)A,  4  O  =  Os  =  o  =  103.5(25)“, 
4  Fc-Os-Fe  =  77.3(26)“, 4  Fa-Os-Fg  =  172.0(35)“,  4  O  =  Os-Fa  =  92.4(17)“.  In  addition  to 
the  ^®F  NMR  spectrum,  the  l®^Os  chemical  shift  was  measured  for  ctf-0s02F4  from  its  ^’F  { 
inverse  correlation  spectrum.  The  results  from  the  density  functional  theoretical  calculations  show 
that  for  OSO2F4  the  cis-structure  of  C2v  symmetry  is  a  true  minimum  and  that,  in  accord  with 
expectations  for  a  d“  transition  metal  complex,  the  trans^D4\i  structure  is  not  a  minimum  energy 
structure  and  distorts  to  a  C2v  structure. 
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Appendix  W 

Chemical  Methods  for  the  Generation  of  Fluorine 

K.O.  Christe 


Generally,  the  electrochemical  production  of  fluorine  which  involves  only  low  cost  chemicals  and 
electricity  in  a  single  step  process,  is  simpler  and  cheaper  than  the  chemical  generation  of  fluorine 
and,  therefore,  is  used  exclusively  when  larger  amounts  of  fluorine  are  needed  on  a  routine  basis. 
However,  occasions  may  arise  when  commercially  sold  fluorine  gas  or  electrochemical  cells  for  its 
production  are  either  not  available  or  not  desirable  for  reasons?  such  as  logistics  or  safety.  Under 
these  circumstances,  fluorine  can  be  generated  by  chemical  methods. 

These  methods  can  be  classified  into  two  categories.  The  first  one  is  a  purely  chemical  synthesis 
which  excludes  either  techniques  such  as  electrolysis,  photolysis,  electric  discharge,  etc.  or  the  use 
of  elemental  fluorine  for  the  synthesis  of  any  of  the  required  starting  materials.  The  second  category 
encompasses  compounds  which  have  been  prepared  from  fluorine  but  can  be  decomposed  by  either 
mild  heating  or  displacement  reactions  to  evolve  fluorine.  Although,  &om  a  puristic  point  of  view, 
this  second  category  is  better  defined  as  a  chemical  storage  and  regeneration  scheme  of  fluorine,  it 
nevertheless  is  frequently  included  in  the  chemical  methods  for  the  generation  of  fluorine. 


chapter  contributed  to  Houben  Weyl's  Handbook  of  Organic  Chemistry,  Thieme  Verlag 


Appendix  X 

On  Heptacoordlnated  Main-Group  Fluorides  and  Oxofluorides 

K.O.  Christie,  E.C  Curtis,  O.A.  Dixon,  H.P.A.  Mercier,  J.C.P.  Sanders, 

GJ.  Schrobiigen,  and  W.W.  Wilson 


Abstract  , 

The  major  problems  associated  with  heptacoordination  in  main-group  fluorides  and  oxofluorides  « 

have  been  resolved.  A  detailed  discussion  of  the  structures  of  C1F6",  BrFg",  IFs”,  XeFs",  IF7”,  lOFg"  ^ 

and  TeOFfi^"  is  given.  It  is  shown  (i)  that  the  steric  activity  of  a  free  valence  electron  pair  (E)  in  XF6E 
species  depends  on  the  size  of  X;  (ii)  that  in  the  XeFs'  anion,  which  is  the  first  known  example  of 
a  pentagonal  planar  XF5E2  species,  the  two  free  valence  electron  pairs  are  sterically  active  and 
occupy  the  two  axial  positions;  (iii)  that  the  XF?  and  XOF^  species  possess  pentagonal  bipyramidal 
structures*with  five  equatorial  fluorine  ligands  which,  in  free  molecules,  are  highly  fluxional  and 
dynamically  distorted;  (iv)  that  the  dynamic  distortion  in  XF7  is  the  result  of  a  rapid  puckering  mo¬ 
tion  of  the  five  equatorial  fluorines  and  of  a  much  slower  intramolecular,  axial-equatorial  ligand 
exchange;  (v)  that,  in  the  XOF^  species,  this  axial-equatorial  ligand  exchange  is  precluded  by  the 
more  repulsive  oxygen  ligand  which  resides  exclusively  in  one  of  the  less  congested  axial  positions; 

(vi)  that,  in  solid  N(CH3)4''’IOF6'‘,  the  dynamic  puckering  of  the  equatorial  ligands  is  frozen  out  by 
hydrogen-fluorine  bridges;  (vii)  that  the  pentagonal  bipyramidal  structures  of  these  fluorides  and 
oxofluorides  cannot  be  explained  by  the  VSEPR  rules  of  repelling  points  on  a  sphere  but  are  gov¬ 
erned  by  the  spatial  distribution  of  the  valence  orbitals  of  the  central  atom;  and  (viii)  that  the  bonding 
in  these  heptacoordinated  species  is  best  explained  by  a  model  involving  delocalized  px^y  hybrid  or¬ 
bitals  of  (he  central  atom  for  the  formation  of  a  coplanar,  semi-ionic,  6-center  10-electron  bond 
system  for  the  five  equatorial  bonds  and  of  an  spz  hybrid  orbital  for  the  formation  of  two,  more  cova¬ 
lent,  colinear,  axial  iTonds;  this  bonding  scheme  can  account  for  all  the  observed  structural  features 
and  also  the  observed  differences  in  bond  lengths. 


Chapter  2.2  submitted  for  publication  in  an  ACS  Symposium  Series  Book  on  “Fluorine  and 
Fluorine-Containing  Substituent  Groups  in  Inorganic  Chemistry”,  J.S.  Thrasher  and  S.  Strauss, 
editors. 


H 


34 


Appendix  Y 

N(CH3)4+PF4-:  The  First  Example  of  a  PF4“  Salt 

Karl  O.  Christe,  David  A.  Dixon,  H^iine  P.A,  Mercier,  Jeremy  C.P.  Sanders, 
Gary  J.  Schrobitgen,  and  William  W.  Wilson 


Abstract 

"  N(CH3)4'*^PF4",  the  first  example  of  a  PF4"  salt,  has  been  prepared  from  N(CH3)4F  and  PF3  using 

t  either  CH3Cn,  CHF3  or  excess  PF3  as  a  solvent.  The  salt  is  a  white,  crystalline  solid  which  is 

thermally  stable  up  to  150‘’C  where  it  decomposes  to  N(CH3)3,  CH3F  and  PF3.  It  crystallizes  in  the 
tetragonal  system,  space  group  P42im,  with  two  molecules  in  a  unit  cell  of  dimensions  a  s 
8.465(3)A  and  c  =  5.674(2)A  with  R  s  0.0564  for  185  observed  [I^2o(I)]  reflections.  The  structure 
can  be  derived  from  a  distorted  body  centered  cubic  CsChtype  structure  with  tetrahedral  N(CH3)s'*’ 
cations  and  pseudotrigonal  bipyramidal  PF4'‘  anions.  These  anions  possess  two  axial  fluorine 
ligands  and  an  equatorial  plane  which  contains  the  remaining  two  fluorine  ligands  and  one  sterically 
active  free  valence  electron  pair.  This  plane  is  subject  to  a  three-fold  disorder  with  unequal 
occupancy  factors.  Since  the  disorder  involves  a  free  valence  electron  pair  which  is  shorter  and  more 
repulsive  than  the  P-F  bonds,  the  apparent  equatorial  P-F  bond  lengths  are  much  too  short  and  the 
apparent  bond  angles  difrer  significantly  from  those  predicted  by  the  ab  initio  calculations  for  the 
free  PF4‘'  ion.  However,  good  agreement  between  the  apparent  and  the  calculated  geometries  can 
be  reached  by  correction  of  the  calculated  geometry  for  the  disorder  effects.  Therefore,  the  geometry 
of  the  ordered,  free  PF4~  ion  must  be  very  close  to  the  calculated  one.  The  calculated  structure  of 
ordered  FF4~  is  similar  to  that  of  isoelectronic  SF4,  but  differs  significantly  from  those  found  for 
the  corre.sponding  tetrachlorides  or  -bromides  which  are  deformed  toward  ionic  X' — MX3  type 
structures.  The  variable  temperature  ^^P  and  *^P  nmr  spectra  of  PFa"  in  CH3CN  solution  were 
recorded  and  represent  classic  examples  for  an  intramolecular  exchange  process  occurring  most 
likely  by  the  way  of  a  Berry  pseudorotation  mechanism.  The  infrared  and  Raman  spectra  of 
N(CH3)4PF4  were  recorded  and  assigned  with  the  help  of  SCF,  MP-2,  and  local  density  functional 
calculations  and  a  normal  coordinate  analysis. 
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Appendix  Z 

Gn  the  Hydrolysis  and  Methanolysis  of  PF4''  and  Characterization  of  the 

POF2'  and  HP02F‘  Anions 

Karl  O.  Christe,  David  A.  Dixon,  Jeremy  C.P.  Sanders,  Gary  J.  Schrobilgen,  and 

William  W.  Wilson 

Abstract 

The  hydrolysis  and  methanolysis  of  N(CH3)4PF4  were  studied  by  their  material  balances  and  multi¬ 
linear  NMR  and  vibrational  spectroscopy  With  an  equimolar  amount  of  water  in  CH3CN  solution, 
PF4-  forms  HP02F~  and  HPFs"  in  a  1:1  mole  ratio.  With  an  excess  of  water,  HPO2F"  is  the  sole 
product  which  was  also  obtained  by  the  hydrolysis  of  HPFs".  In  the  presence  of  a  large  excess  of 
F“,  the  hydrolysis  of  PF4"  with  an  equimolar  amount  of  water  produces  POF2"  salt.  The  resulting 
N(CH3)4P0F4''  is  the  first  known  example  of  a  stable  POF2'‘  salt.  The  geometries  and  vibrational 
spectra  of  POF2~  and  HPO2F'  were  calculated  using  local  density  functional  theory,  and  normal 
coordinate  analyses  were  carried  out  for  POF2  HPO2F”  and  the  isoelectrunic  SOF2  and  HSO2F 
molecules.  The  methanolysis  of  PF4~  produces  PF3(OCH3)  and  PF(OCH3)2  as  the  main  products. 


36 


Appendix  AA 

The  POF2- Anion 

K.O.  Christe,  W.W.  Wilson,  D.A.  Dixon,  J.C.P.  Sanders,  and  G.J.  Schrobiigen 

Abstract 

It  is  shown  that  the  POF4*  anion  is  less  stable  than  the  recently  prepared  and  closely  related  PF4~ 
anion  and,  at  temperatures  as  low  as  -31  ®C,  rapidly  disproportionates  to  PFs"  and  P02F2".  The 
geometry,  vibrational  spectra  and  the  force  field  of  POF4'  have  been  calculated  using  local  and 
nonlocal  functional  theory  and  are  presented. 


Appendix  BB 

On  the  Structure  of  the  XeOFs*  Anion 

ICO.  Christe,  David  A.  Dixon,  Jeremy  C.P.  Sanders,  Gary  J.  Schrobilgen,  Scott  S.  Tkai,  and 

Wiiliam  W.  Wilson 


Abstract 

A  new  XeOF3”  salt,  N(CH3)4'*'XeOF5‘,  was  prepared.  This  highly  explosive  compound  was 
characterized  by  Inftrared,  Raman,  and  multinuclear  NMR  spectroscopy  and  calculations  for 
XeOFs'  using  local  and  nonlocal  functional  theory.  It  is  shown  that,  contrary  to  a  previous  literature 
report  which  assumed  for  XeOFs"  a  distorted  octahedral  structure  similar  to  those  of  XeFs  and  IFs", 
XeOFs"  has  a  pseudo-pentagonal  bipyramidal  structure  of  Csv  symmetry.  It  possesses  five 
equatorial  fluorine  ligand,  with  one  oxygen  atom  and  one  sterically  active  free  valence  electron  pair 
occupying  the  two  axial  positions.  Its  structure  is  analogous  to  those  of  XeFs",  IF7,  and  lOFs". 
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Appendix  CC 

Mutual  Ligand  Interactions  In  Hydrogen  Substituted  Main  Group  Hexafluo¬ 
rides.  DeTisity  Functional  Calculations,  Vibrational  Spectra,  and  Normal 
Coordinate  Analyses  of  the  Isoelectronic  Species  HPFs'  and  HSF5 

Karl  O.  Christe,  David  A.  Dixon,  and  William  W.  Wilson 


Abstract 

The  new  HPFs”  salt,  N(CH3)4‘*‘HPF5”,  was  prepared  and  the  infrared  and  Raman  spectra  of 
N(CH3)4HPF5  and  CsHPFs  were  recorded.  The  spectra  were  assigned  with  the  help  of  local  density 
functional  calculations,  and  a  normal  coordinate  analysis  was  carried  out.  For  comparison,  the 
unknown  isoelectronic  molecule  HSF5  was  also  calculated  and  found  to  be  vibrationally  stable.  The 
internal  stretching  force  constants  of  HPF5  are  compared  to  those  of  closely  related  phosphorous  and 
sulfur  fluorides  and  hydrides,  providing  for  the  first  time  experimental  data  on  the  mutual  ligand 
interactions  in  hydrogen  substituted  main  group  hexafluorides.  The  observed  substitution  effects 
are  explained  in  terms  of  a  hypervalent  bonding  scheme  and  result  in  a  general  weakening  of  all 
fluorine  bonds  with  the  four  equatorial  cis  bonds  being  affected  more  strongly  than  the  unique  axial 
trans  bond,  i.e.,  hydrogen  substitution  results  in  a  cu-effect. 
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Appendix  DD 


On  the  Structures  and  Stabilities  of  TViazidamine,  N(N3)3,  Diazidamine, 
HN(N3)2»  the  Dlazidamide  Anion,  N(N3)2%  ^he  Tetrazidammonium 

Cation,  N(N3)4‘*‘ 


H.  Harvey  Michels,  John  A.  Montgomery,  Jr.,  and  Karl  O.  Christe 


Abstract 

Ab  Initio  calculations  show  the  azidamines,  a  new  family  of  polynitrogen  compounds,  are 
vibrationally  stable  at  the  RHF/6-31G*  and  MP2/6-31G*  levels  of  theory.  The  geometries,  * 

vibrational  frequencies,  and  heats  of  formation  are  predicted  for  N(N3)3,  HN(N2)2"  anion,  and  the  • 

N(N3)4'*‘  cation.  All  these  compounds  are  highly  energetic  materials  with  large  positive  heats  of 
formation.  Their  calculated  activation  energy  barriers  toward  N2  elimination  are  comparable  to  that 
found  for  the  known  FN3  molecule  and  suggest  that  these  polynitrogen  compounds  are  synthetically 
accessible;  potential  methods  for  their  synthesis  are  proposed. 
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